Hippocampus atrophy is implicated in posttraumatic stress disorder (PTSD), and may partly reflect stress-induced glutamate excitotoxicity that culminates in neuron injury and manifests as re-experiencing symptoms and other memory abnormalities. This study used high-field proton magnetic resonance spectroscopy (MRS) to determine whether PTSD is associated with lower hippocampus levels of the neuron marker N-acetyl aspartate (NAA), along with higher levels of glutamate (Glu) and Glu/NAA. We also predicted that metabolite levels would correlate with re-experiencing symptoms and lifetime trauma load. Twenty-four adult PTSD patients and 23 trauma-exposed normal controls (TENC) underwent 4T MRS of the left and right hippocampus. Participants received psychiatric interviews, and completed the Traumatic Life Events Questionnaire to define lifetime trauma load. Relative to TENC participants, PTSD patients exhibited significantly lower NAA in right and left hippocampi, and significantly higher Glu and Glu/NAA in the right hippocampus. Re-experiencing symptoms were negatively correlated with left and right NAA, and positively correlated with right Glu and right Glu/NAA. Trauma load was positively correlated with right Glu/NAA in PTSD patients. When re-experiencing symptoms and trauma load were examined together in relation to right Glu/NAA, only re-experiencing symptoms remained a significant correlate. This represents the first report that PTSD is associated with MRS markers of hippocampus Glu excess, together with indices of compromised neuron integrity. Their robust associations with re-experiencing symptoms affirm that MRS indices of hippocampus neuron integrity and glutamate metabolism may reflect biomarkers of clinically significant disease variation in PTSD.
INTRODUCTION
Posttraumatic stress disorder (PTSD) involves persistent emotional reactivity to trauma reminders in environments where a threat is no longer present. One robust neurobiological correlate of PTSD is a smaller size of the hippocampus (Woon et al, 2010) , a brain region that is critical for distinguishing safe from dangerous contexts (Rauch et al, 2006) and that is particularly susceptible to stress-induced morphological alterations (McEwen, 2007) . Since publication of the seminal magnetic resonance imaging (MRI) report of hippocampal atrophy in PTSD (Bremner et al, 1995) , metaanalyses have confirmed smaller bilateral hippocampus volumes in patients (Karl et al, 2006; Kitayama et al, 2005; Smith, 2005; Woon et al, 2010) .
Multiple lines of evidence point to glutamate excitotoxicity as a contributor to hippocampus neuron injury in PTSD (Bremner et al, 2004; McEwen, 2006; Woon et al, 2010) . Glutamate excitotoxicity has been implicated as a mechanism leading to neuron death in several neurological disorders, including amyotrophic lateral sclerosis (ALS), mesial temporal sclerosis, multiple sclerosis, and epilepsy (Lewerenz and Maher, 2015; Mark et al, 2001) . In animal models of psychological trauma, exposure to repeated stress causes dendritic atrophy of pyramidal neurons in the hippocampus (Adamec et al, 2012; McEwen and Magarinos, 1997; McEwen, 2007; Popoli et al, 2012; Sapolsky, 1996) , and this is mediated partly by glutamate excitotoxicity (McEwen, 2007) . Glutamatergic alterations that occur during stress can produce deficits in associative learning and memory (Chambers et al, 1999; Krystal et al, 1994) . Altogether, this suggests that markers of glutamate metabolism and excitotoxicity may be relevant to hippocampus neuron compromise and memory-related (re-experiencing) symptoms in PTSD.
Advances in magnetic resonance spectroscopy (MRS) have led to reliable quantification of glutamate metabolism in the brain. At lower field strengths (eg, 1.5T), the combination of glutamate and glutamine ('Glx') can be assessed reliably, while at higher fields (⩾3T) the glutamate (Glu) and glutamine (Gln) resonances can be reliably separated (Jensen et al, 2009) . In mesial temporal sclerosis, glutamate excitotoxicity manifests as elevated Glx peaks (Mark et al, 2001) . In epilepsy and multiple sclerosis, elevated levels of Glx and Glu normalized to creatine (Cr) have been reported in subcortical nuclei (Doelken et al, 2010; Helms et al, 2006; Srinivasan et al, 2005; Tisell et al, 2013) , and are accompanied by lower levels of the neuron marker N-acetyl aspartate (NAA). Similarly, both Glx/Cr and Glx/NAA are higher in epileptogenic medial temporal cortex than in the contralateral non-epileptogenic region (Savic et al, 2000) , and these neurochemical differences are used as indicators of neurotoxicity. Finally, MRS studies of ALS have identified high Glu and low NAA in the motor cortex, a profile consistent with glutamate excitotoxicity hypotheses of ALS pathogenesis (Jing and Lin, 2010) . Altogether, this literature identifies high Glu ratios and low NAA ratios, as well as high Glu/NAA, as MRS biomarkers of glutamate neurotoxicity.
About a dozen MRS investigations have examined hippocampus neuron integrity in PTSD, and most have found lower NAA in patients compared with traumaexposed and non-traumatized comparison subjects (Karl and Werner, 2010) . A meta-analysis confirmed lower bilateral hippocampus NAA in PTSD (Karl and Werner, 2010) , corresponding to medium effect sizes when NAA was normalized to water and small-to-medium effect sizes when normalized to Cr. One gap in this literature is that less than half of studies examined relationships with illness severity. Among those that that did, most only examined total PTSD symptom scores and not subscale scores that might have dissociable biological substrates. Thus, it is unclear to what extent hippocampus NAA deficits scale with PTSD symptom clusters, and/or with trauma load. It is also unknown whether lower hippocampus NAA co-occurs with higher glutamate, as prior MRS studies have not concurrently reported on NAA and Glu (or Glx). With the exception of one investigation conducted at 3T (Ham et al, 2007) , all prior PTSD MRS hippocampus studies were performed at 1.5T, precluding reliable estimation of Glu.
This study tested the hypothesis that PTSD patients compared with trauma-exposed normal comparison (TENC) participants would show higher Glu concurrent with lower NAA in bilateral hippocampus, as well as elevations in the ratio of Glu/NAA that has been used as a marker of glutamate-related excitotoxicity in neurological illnesses. We also hypothesized that magnitude of metabolite alterations would be associated with severity of re-experiencing symptoms and trauma load in PTSD patients.
MATERIALS AND METHODS

Participants
We recruited 47 right-handed participants, 24 adults with PTSD and 23 TENC adults (ages 20-50) via advertisements in the local community. All participants provided written informed consent and the study was approved by the Institutional Review Board of McLean Hospital. Exclusion criteria were: (1) medical conditions that might affect brain structure; (2) current substance use disorder; (3) current nicotine dependence; (4) anxiolytic, anticonvulsant, mood stabilizing, or neuroleptic medication use within 4 weeks of the study; (5) history of substance abuse within the past 5 years; (6) lifetime history of substance dependence; (7) lifetime history of psychosis; (8) MR contraindications; (9) urine toxicology positive for psychoactive drugs or pregnancy. In addition, TENC participants had no current DSM-IV Axis I disorder and no lifetime history of mood or anxiety disorder (including PTSD) based on the Structured Clinical Interview for DSM-IV Axis I disorders, Patient Edition (SCID-I/P; (First et al, 2002) ). The groups were recruited to be individually matched on age and sex. Female participants were matched on menstrual cycle phase across groups, determined by self-report: six female PTSD and six TENC participants were in the follicular phase; five PTSD patients and four TENC were in the luteal phase; 3 PTSD patients and four TENC were post-menopausal. The TENC group had on average 1 year more of education (Table 1) , although all participants had at least a high school education.
Clinical Interviews and Self-Report Measures
A doctoral-level psychologist (IMR) administered the SCID/ IP and the Clinician-Administered PTSD Scale (CAPS; (Blake et al, 1995) ) to establish DSM-IV Axis-I diagnoses and PTSD symptom scores. PTSD participants reported as index traumas: childhood physical abuse (n = 5), childhood sexual abuse (n = 4), automobile or other violent accidents (n = 2), victim of physical assault (n = 7), combat exposure (n = 1), victim of sexual assault (n = 9), witnessing violent attack or abuse (3). One PTSD patient had current comorbid MDD, and five had past MDD. Three PTSD patients were taking a selective serotonin reuptake inhibitor (SSRI; stable dose for ⩾ 8 weeks), and receiving outpatient medication management. All other subjects were unmedicated.
Subjects were included in the TENC group if they endorsed at least one Criterion A trauma on the Traumatic Life Events Questionnaire (TLEQ; (Kubany et al, 2000) ). TLEQ total score was used to define trauma load, specifically number of types of lifetime trauma types endorsed, for all participants.
Magnetic Resonance Imaging and Spectroscopy
Scanning was conducted on a 4.0T Varian whole-body scanner (Agilent Technologies Inc., Santa Clara, CA), using a volumetric head coil. Head placement was confirmed for each participant using three-plane scout images. Following global shimming, high-contrast 3D fast low-angle shot T1-weighted images were acquired to position a 1.5 (L-R) × 2.0 (S-I) × 3.0 (A-P) ml voxel in the left and right hippocampi (Figure 1 , inset). Voxels were obliqued and placed on the long axis of the hippocampus using the sagittal and axial planes. The anterior border of the voxel was positioned in the most anterior coronal slice that contained hippocampus but not amygdala, using the alveus and uncal recess to exclude amygdala tissue (for details, see Supplementary Information) (Pruessner et al, 2000; Manganas et al, 2007) .
Manual voxel shimming produced linewidths that ranged from 8 to 12 Hz. Spectral data were acquired using PointResolved Echo Spectroscopy Sequence modified for the current two-dimensional J-resolved MRS protocol (2D-JPRESS) to collect 16 TE-stepped spectra in each voxel (Jensen et al, 2009) . Echo times varied from 30 to 330 ms in 20 ms increments, which provided sufficient J-resolved bandwidth (50 Hz) to resolve Glu from Gln. Additional acquisition parameters included TR = 2 s, f1 acquisition bandwidth = 50 Hz, spectral bandwidth = 2 kHz, readout duration = 512 ms, NEX = 16, total scan duration = 8.5 min. Unsuppressed water spectra were acquired immediately following metabolite acquisitions using the same 2D-JPRESS sequence to collect 24 TE-stepped water scans with the parameters described above, but with 4 averages per TEstep. After data were acquired in one hippocampus voxel (total acquisition = 10.1 min), the contralateral voxel (left or right hippocampus, counterbalanced across participants) was positioned and the same metabolite and water sequences repeated. Test-retest scans of four participants yielded good reproducibility (Supplementary Information). All spectroscopic data processing was performed using inhouse reconstruction code and LCModel fitting software (Provencher, 1993) . In order to quantify proton metabolites, 16 TE-stepped free-induction decay series were zero-filled out to 64 points, Gaussian-filtered to minimize residual arising from NAA and Cr signals, and Fourier-transformed in the TE dimension. This resulted in 64J-resolved spectra over 50 Hz. Using GAMMA-simulated J-resolved basis sets, every spectral extraction (bandwidth of 50 Hz) was fit with its theoretically correct LCModel template (Jensen et al, 2009) . The integrated area under the entire 2D surface for each metabolite was calculated by summing raw peak areas across all 64 J-resolved extractions. Figure 1 shows hippocampus spectra (black) and associated LCModel fitting (red) from a single participant. All spectra were visually inspected for fitting errors by the last author (JEJ); in addition, a full-width half maximum (FWHM) ⩽ 12 and signal-to-noise ratio (SNR) ⩾ 5 were required for inclusion in the data analyses. Finally, spectra were excluded if either NAA or Glu had poorly fitted peaks, specifically: Cramer Rao Lower Bounds (CRLB) higher than 10% for NAA, or higher than 20% for Glu. Based on these criteria, good quality datasets were available from 23 PTSD and 21 TENC for right hippocampus, and from 21 PTSD patients and 19 TENC for left hippocampus. Mean ± standard deviation CRLBs were 3.5 ± 1.3 for Cr, 3.8 ± 1.3 for NAA, and 7.4 ± 1.9 for Glu. SNR did not differ significantly between PTSD and TENC participants in either left (t 38 = 0.87, p = 0.39) or right (t 42 = 0.74, p = 0.46) hippocampus, nor did FWHM (left: t 38 = 0.45, p = 0.66; right: t 42 = 0.38, p = 0.70). Unsuppressed water T2 values were derived for each voxel using TEstepped datasets and a least-squares algorithm, and these unsuppressed water values served as an internal concentration reference for metabolite/unsuppressed water (H 2 0) ratios. For metabolite/Cr ratios, the Cr denominator was the raw LCModel-outputted peak area for Cr. A single spectroscopist (JEJ) performed all MRS data acquisitions and spectral processing, blind to participant group assignment.
T1-weighted axial image sets were segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) binary-tissue maps (FSL, Oxford, UK). The proportion of gray matter (%GM) in the left and right hippocampal voxels was calculated for each participant (Jensen et al, 2009; Silveri et al, 2013) .
Statistical Analyses
NAA and Glu were examined normalized both to water (H 2 0) and to Cr, to assess robustness of effects. In addition, Glu was normalized to NAA (Glu/NAA). Continuous variables were examined for skewness and kurtosis. All analyses statistically controlled for %GM.
Group differences in NAA and Glu were examined using four repeated measures multivariate analyses of covariance (MANCOVA) with ratio type (H 2 0 or Cr) as the withinsubject factor and the following dependent variables: 1) right NAA normalized to water and creatine (R_NAA/H 2 0, R_NAA/Cr); 2) left NAA normalized to water and creatine (L_NAA/H 2 0, L_NAA/Cr); 3) right Glu normalized to water and creatine (R_Glu/H 2 0, R_Glu/Cr); 2) left Glu normalized to water and creatine (L_Glu/H 2 0, L_Glu/Cr). Even though the groups were matched on age and sex, both were covariates to determine their contribution to variance in metabolite levels. Group differences in R_Glu/NAA and L_Glu/NAA were examined using analyses of covariance (ANCOVA), controlling for age and sex. Because of the substantive literature implicating lower hippocampus NAA in PTSD, the NAA results were not Bonferroni corrected. The MANCOVA and ANCOVA models predicting Glu ratios and Glu/NAA used a Bonferroni-corrected significance threshold of .025. Following significant multivariate omnibus effects, post hoc contrasts used Dunnett's test for multiple comparisons.
Bivariate correlations tested relationships of metabolite ratios with re-experiencing symptoms and trauma load. Only metabolites that differed significantly between groups underwent correlational testing (two-tailed po0.05). Cohen's d is reported as a measure of effect size (ES). All statistical analyses were conducted using JMP 9.0 (SAS Institute). Table 2 shows metabolite levels and between-group effect sizes. In the MANCOVA predicting right hippocampus NAA ratios, there was a significant main effect of group (F (1,39) = 12.10, p = 0.001). Post-hoc Dunnett's tests showed that both right NAA/H 2 0 (p = 0.01) and right NAA/Cr (p = 0.002) were significantly lower in PTSD than TENC participants. The MANCOVA predicting left hippocampus NAA ratios revealed a significant interaction of group X ratio (F (1,35) = 4.64, p = 0.04). Post-hoc Dunnett's showed that left NAA/H 2 0 (p = 0.02) but not left NAA/Cr (p = 0.35) was significantly lower in PTSD patients than TENC participants.
RESULTS
Group Differences in NAA and Glu Metabolite Ratios
The MANCOVA predicting right hippocampus Glu ratios identified a significant main effect of group (F (1,39) = 5.55, p = 0.02), and post hoc Dunnett's showed that PTSD compared with TENC participants had significantly higher right Glu/H 2 0 (p = 0.02) and right Glu/Cr (p = 0.05). In the MANCOVA with left hippocampus Glu ratios as dependent variables, neither the main effect of group nor the interaction of group by ratio was significant (p's40.10).
In the ANCOVA predicting right hippocampus Glu/NAA, the group effect was significant (F (1,38) = 8.85, p = 0.005), reflecting significantly higher levels in PTSD than TENC participants. One PTSD participant had a R_Glu/NAA value higher than 3 SDs from the mean, and was excluded from the latter analysis. In the ANCOVA predicting left hippocampus Glu/NAA, the effect of group was not statistically significant. All significant group differences were maintained when analyses were repeated without the three PTSD patients on a stable dose of SSRI. The effects of age and sex were not statistically significant (p's40.10) in any analysis.
Correlations with Clinical Features
Re-experiencing symptoms were negatively correlated with all NAA ratios that differed between the groups, namely with left NAA/H 2 0 (r = − 0.46, n = 21, p = 0.04), right NAA/Cr (r = − 0.55, n = 23, p = 0.006), and right NAA/H 2 0 (r = − 0.35, n = 23, p = 0.10). There were positive correlations between re-experiencing symptoms and right hippocampus Glu ratios, statistically significant for Glu/H 2 0 (r = 0.46, n = 23, p = 0.03) and not for Glu/Cr (r = 0.23, n = 23, p = 0.31). Finally, re-experiencing symptoms showed the largest correlation with right hippocampus Glu/NAA (r = 0.54, n = 22, p = 0.001; Figure 2 ).
Trauma load was significantly positively correlated with right Glu/NAA in PTSD patients (r s = 0.52, p = 0.01) but not TENC participants (r s = − 0.03, p = 0.91). Trauma load was not significantly correlated with other metabolite ratios that differed between groups.
Because both re-experiencing symptoms and trauma load were significant correlates of right Glu/NAA in PTSD patients, we conducted a follow-up ANCOVA entering both as predictors of right Glu/NAA. In this analysis, re-experiencing symptoms (F (1,17) = 5.27, p = 0.04; variance inflation factor (VIF) = 1.12) but not trauma load (F (1,17) = 1.94, p = 0.18; VIF = 1.48) remained significantly associated with right hippocampus Glu/NAA, controlling for %GM, age, and sex.
DISCUSSION
Our data represent the first report of in vivo hippocampus glutamate metabolism measured with MRS in PTSD. We found that Glu and Glu/NAA levels were significantly higher in the right hippocampus of PTSD patients than traumaexposed comparison subjects. In addition, the neuron marker NAA was significantly lower in both left and right hippocampi of PTSD than TENC participants. Finally, levels of right hippocampus NAA and Glu scaled proportionally with severity of re-experiencing symptoms. Glu/NAA levels were correlated with both severity of re-experiencing symptoms and lifetime trauma load in PTSD patients, and when both correlates were entered as independent variables in the same regression only re-experiencing symptoms remained a significant predictor. These findings are consistent with those of prior MRS studies implicating compromised neuron integrity in the hippocampus of PTSD patients. They extend this literature by suggesting that lower NAA co-occurs with excess Glu and Glu/NAA in the right hippocampus, and that these metabolites may serve as clinically meaningful biomarkers of re-experiencing symptoms in PTSD.
Consistent with our hypotheses and the bulk of prior literature, NAA levels were significantly lower in left and right hippocampus of PTSD patients compared with TENC subjects. These findings remained statistically significant when three patients taking an antidepressant were excluded, indicating they were not a consequence of psychotropic drug effects. The neuron integrity findings in the right hippocampus were particularly robust because they were seen when NAA was normalized to either H 2 0 or Cr. In the left hippocampus, due to greater spectral data loss, we had sufficient power to detect as statistically significant an effect of d = − 0.80 for left NAA/H 2 0, but not an effect of d = − 0.31 for left NAA/Cr. Importantly, however, these effect sizes are similar in magnitude to those obtained by a meta-analysis of MRS investigations in PTSD (Karl and Werner, 2010) : across studies of the hippocampus, larger effects were seen when left NAA was normalized to H 2 0 (d = − 0.63) than when it was normalized to Cr (d = − 0.34). Thus, our pattern of results for hippocampus NAA ratios converges with prior MRS reports of bilateral hippocampus NAA deficits in PTSD (Ham et al, 2007; Mahmutyazicioglu et al, 2005; Neylan et al, 2003; Schuff et al, 2001 Schuff et al, , 2008 Shu et al, 2013) .
Elevations of Glu and Glu/NAA serve as biomarkers of glutamate excitotoxicity in neurological disorders, and this is the first report that MRS detects similar alterations in the hippocampus of PTSD patients. We found that right but not left hippocampus Glu and Glu/NAA ratios were significantly higher in PTSD than TENC participants. Moreover, the group difference in right hippocampus Glu/NAA was the largest between-group effect size seen in this study (Cohen's d = 1.07; Table 2 ). The group differences in left hippocampus Glu and Glu/NAA corresponded to smaller effect sizes that did not reach statistical significance. At the same time, the extant literature provides precedent for more severe right than left hippocampus pathology in PTSD. For instance, a meta-analysis of hippocampus morphometric MRI studies concluded that right hippocampus volume, but not left or total hippocampus volume, is significantly smaller in PTSD than TENC participants (Woon et al, 2010) . All told, because the current study is the first to report on hippocampus Glu indices in PTSD, additional MRS investigations will be needed to determine conclusively their nature and laterality. A number of cellular and metabolic changes could lead to higher than normal Glu and Glu/NAA. Most Glu is synthesized from Gln within neurons, then released into extracellular space where it binds to post-synaptic receptors, until its actions are terminated by its re-uptake into astrocytes. Within astrocytes, Glu is converted to Gln, which is transported back to the pre-synaptic neuron and recycled back into Glu (Rothman et al, 1999) . Animal models support an association of chronic stress or repeated trauma with decreased reuptake of Glu into astrocytes (Banasr et al, 2010) , higher basal Glu release, and prolonged stimulus-evoked Glu release from hippocampal neurons (Popoli et al, 2012) . These processes all lead to Glu elevation, which in turn can initiate a cascade of cellular processes that culminates in neuron injury. Although our cross-sectional study limits interpretations regarding disease severity and cannot determine which metabolite alteration occurred first, future longitudinal studies could assess whether higher Glu predates lower NAA, as would be predicted by an excitotoxicity hypothesis.
We found significant associations of PTSD re-experiencing symptoms with hippocampus NAA and Glu ratios. More severe re-experiencing was significantly negatively correlated with all three left and right NAA ratios that differed between groups. Re-experiencing symptom severity also showed significant positive correlations with Glu/H 2 0 and Glu/ NAA in the right hippocampus. These findings add to a scant literature on clinical correlates of hippocampus MRS measures in PTSD. For Glu, they are the first evidence of relevance to clinical phenomenology, buttressing other research on hippocampus glutamate metabolism and behavioral phenotypes of PTSD (eg, learning and memory; Popoli et al, 2012) . For NAA, multiple studies previously had found no significant association with PTSD severity (reviewed in Karl and Werner, 2010) , and some had found that greater hippocampus NAA deficits predicted more severe symptoms (Brown et al, 2003; Neylan et al, 2003; Shu et al, 2013) . Importantly, most prior studies had examined total symptom severity but not groupings of symptoms more likely to share biological underpinnings. Re-experiencing symptoms involve recalling emotionally traumatic events, and two earlier studies found a relationship of these intrusive experiences with lower hippocampus NAA (Brown et al, 2003; Shu et al, 2013) . Similarly, using morphometric MRI, PTSD reexperiencing symptoms have been found to correlate with lower hippocampal volume (Lindauer et al, 2006; Villarreal et al, 2002 , but see Nakano et al, 2002 . Our findings add to this literature by providing evidence of an association between intrusive symptoms and hippocampus Glu metabolism in PTSD.
Lifetime trauma load was associated with significantly higher right hippocampus Glu/NAA in PTSD patients. This finding presents the possibility that Glu/NAA abnormalities partly reflect neurotoxic effects of trauma, perhaps occurring above a certain magnitude of trauma load since the relationship was seen in PTSD but not TENC participants. However, this hypothesis requires testing using a longitudinal design. Moreover, enthusiasm for this interpretation is tempered by the finding that the association between trauma load and right hippocampus Glu/NAA loses its significance when controlling for the significant correlation with re-experiencing symptoms. This latter finding suggests that higher Glu/NAA levels are indicators of disease processes more so than trauma vulnerability factors. It is also possible that trauma load synergized with differential presence of other risk factors, such as genetic and epigenetic factors that affect differential risk for PTSD subsequent traumatic life events (Gilbertson et al, 2002; Ressler et al, 2011) . Future studies of samples more homogeneous regarding types of trauma and genetic/epigenetic risk factors, will help parse the heterogeneous etiopathophysiology of PTSD.
This study has several limitations to be considered in its interpretation. First, the sample size limited our ability to detect as significant some of the small-to-medium effects. Second, although all our comparison subjects had experienced at least one major trauma, on average they reported a lower total number of lifetime traumas than PTSD patients, a limitation that is difficult to avoid when recruiting healthy (asymptomatic) trauma-exposed participants. Lower variance of trauma load may have precluded detection of significant correlations with MRS metabolites in the TENC group. Third, current MRS methods detect total brain Glu concentration averaged over an area of interest that includes both intracellular and extracellular compartments of brain Glu. Thus, we cannot discern whether higher right hippocampus Glu reflects higher vesicular or neurotransmitter pools, or both. Finally, the voxel size needed for sufficient SNR to parse Glu and Gln may have resulted in some partial volume effects from the parahippocampal gyrus (also see (Brown et al, 2003; Freeman et al, 1998) ).
In summary, the picture that emerges from our pattern of findings is that glutamate excess and neuron compromise may be concurrent pathophysiologic mechanisms in the right hippocampus of people with PTSD. The clinical significance of these hippocampus abnormalities is affirmed by their robust correlations with severity of re-experiencing symptoms. Future longitudinal research should examine whether higher Glu predates and predicts lower NAA, and whether altered Glu and Glu/NAA might serve as biomarkers of disease progression and treatment response. If so, these MRS metabolites could become tools for guiding personalized treatment selection or monitoring treatment response in PTSD, ultimately playing a similar clinical decision-making role as they do for certain neurological disorders (Burtscher and Holtas, 2001; Mason and Krystal, 2006) . 
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